We present a study of the double-lined spectroscopic binary star 46 Draconis (46 Dra). The variations of the g-velocity indicate the presence of a third star which revolves around the mutual centre-of-mass of the close binary system with a period of 33.6 yr. Perhaps this third star is responsible for the observed X-ray radiation of 46 Dra. With a temperature difference of only 600 K, both components of the close binary are mercury-manganese stars. This system demonstrates the chemical evolution of two apparently metal-rich objects with the same initial composition, but with slightly different masses and resulting effective temperatures. Significant abundance differences are found for He, Al, S, Sc, Mn, Sr, Ga, Xe and Pt. These provide tests for the theories which purport to explain the anomalies.
I N T R O D U C T I O N
We continue our studies of the chemical abundances in double-lined binaries with mercury-manganese (HgMn) star primaries. Recent abundance studies of such systems, using high-resolution, high signal-to-noise (S/N) ratio spectra covering at least several hundred Å in the photographic region, include HR 4072 A, B (Adelman 1994 ), x Lup A, B (Wahlgren, Adelman & Robinson 1994) and 112 Her A, B (Ryabchikova, Zakharova & Adelman 1996) . In all three systems the effective temperature difference between the components is greater than 1400 K. The primaries show HgMn star abundance patterns while the secondaries were classified as metallic-line (Am) stars. Atmospheric abundances in x Lup A are typical for both HgMn (Pt-Au-Hg overabundances but normal Mn abundances) and Am stars (Ca and Sc deficiencies, mild iron-peak element enhancements, rare-earth element overabundances). The abundance differences between the components are larger for binaries with greater effective temperature differences. Khokhlova et al. (1995) performed an abundance analysis of the eclipsing binary AR Aur, the components of which have identical masses and rotational velocities of 23 km s ¹1 . They used photographic spectra and a differential curve-of-growth technique. Despite a relatively low S/N ratio and considerable line blending, the authors found significant differences in the abundances of many chemical elements.
The binary star 46 Dra (= HR 7049 = HD 173524) is another SB2 system with an orbital period of 9:8107 d and a mass ratio of 1.18 (Aikman 1976) . The small rotational velocities of both components make 46 Dra an excellent candidate for abundance studies. Conti (1970a) performed coarse analyses of both components and estimated the rotational velocity was Յ 6 km s ¹1 . He did not find any He i lines as well as Mn ii and Ga ii lines of the secondary. Later Guthrie (1984) confirmed Conti's results for Mn and Ga using the same differential curve-of-growth technique. Further, he discovered Pt ii lines of both components. Both authors noted significant differences between the abundances of the components. Since these studies were published, new analysis methods and better oscillator strengths have become available. Thus we decided to analyse 46 Dra using spectra taken with modern electronic detectors.
O B S E RVAT I O N S

Dominion Astrophysical Observatory (DAO) 2.4-Å mm
¹1 Reticon spectra each with a wavelength coverage of 67 Å were obtained for a grid of central wavelengths between ll 3830 and 4740 with 55-Å offsets. The typical S/N was 200. Table 1 lists the mid-points and central wavelengths of each observation as well as the measured radial velocites. Typically, five lines were used to measure each radial velocity and the rms uncertainties of the mean are of order 1 km s ¹1 . For some regions, if the lines of the components were not well separated, another spectrum was taken. A Reticon 19.6-Å mm ¹1 DAO spectrogram containing the Hg region was also obtained. We flat-fielded the exposures with those of a suitably filtered incandescent lamp placed in the Coudé mirror train. A central stop removed light from the beam in the same manner as does the secondary mirror. A scattered light correction of 3 per cent (Gulliver, Hill & Adelman 1996) was used in the analysis.
Rotational velocity estimates of 5 km s
¹1 for 46 Dra A and B result from the synthetic spectrum calculations (see below). We identified the stellar lines using standard sources including the general references 'A Multiplet Table of Astrophysical Interest' (Moore 1945) and 'Wavelengths and Transition Probabilites for Atoms and Ions, Part 1' (Reader & Corliss 1980) , as well as sources for specific ions such as those listed by Adelman (1994) and the VALD data base (Piskunov et al. 1995) after correcting the observed wavelengths for the Earth's orbital velocity. For each spectrogram we used the radial velocities in Table 1 to derive the wavelengths in the rest frames of both components. Aikman (1976) calculated the orbital elements for 46 Dra. A solution for all elements, aside from the period, was based on his 16 observations. He used all existing data including that from the literature to refine the period. Our observations contain the same number of points as Aikman's for which the radial velocities of the primary and the secondary are measured. We adopted Aikman's period and calculated the other orbital elements with a code by Tokovinin (1992) . Both primary and secondary velocities were used equally in the present calculations. Except for the g-velocity, the orbital elements are the same as Aikman's within the error limits. Our results are as follows. The last two numbers give the observed minus calculated rms (O¹C) for the primary and the secondary. Our value of g-velocity is 3.07 km s ¹1 greater than that derived by Aikman, whose spectrograms were also from the DAO 1.2-m telescope, but were mostly taken with a different camera. This difference is unlikely to be the result of a systematic shift between both sets of the radial velocity measurements, because a comparison of the radial velocities for another star, 112 Her (Ryabchikova et al. 1996) , measured by the same technique, with those from Aikman (1976) does not reveal any systematic shifts larger than 0.8 km s
O R B I TA L E L E M E N T S
¹1 . Fig. 1 shows the radial velocity curves for both components of 46 Dra where the two sets of measurements are marked by different symbols. The orbital solution given above is shown by the solid (primary) and the dashed (secondary) lines. A systematic difference between our radial velocities and those of Aikman for the same phase is clearly seen. The variation of the g-velocity may indicate the presence of the third low-mass companion which revolves around the mutual centre-of-mass with the close spectroscopic binary. The same 2 S. J. Adelman, T. A. Ryabchikova and E. S. Davydova ᭧ 1998 RAS, MNRAS 297, 1-17 phenomenon was also observed for another binary system, x Lup (Dworetsky 1972) . To estimate the orbital period of the third star we used data from Petrie (1935), Conti (1970b) , Aikman (1976) and our measurements. The data were divided into nine groups by corresponding epochs and for each group we calculated the gvelocity value with the other orbital elements taken from our results. The mean JD dates together with the g-velocity values and their rms are given in Table 2 . We find P ¼ 33:6 Ϯ 2:0 yr and K ¼ 2:6 Ϯ 0:4 km s ¹1 . This third star may be responsible for the X-ray radiation measured for the 46 Dra system by Berghoefer & Schmitt (1994) . No evidence for its lines was seen in our high-dispersion spectrograms.
E F F E C T I V E T E M P E R AT U R E S A N D S U R FAC E G R AV I T I E S
The light and mass ratios of a double-lined spectroscopic binary are important data for determinating accurate effective temperatures and surface gravities. Conti (1970a) found a light ratio of 1.60 for 46 Dra from an analysis of Fe i and Fe ii lines. He estimated an effective temperature of about 12 000 K, with a 250-K difference between the components, and surface gravities equivalent to those of main-sequence stars. Guthrie (1984) used the same value for the light ratio and found T eff ¼ 11 700 K, log g ¼ 3:7 and T eff ¼ 11 400K, log g ¼ 3:9 for the primary and the secondary, respectively, from uvbyb photometry. We estimated the light ratio from the equivalent widths of Fe ii lines. They are relatively insenstive to the effective temperature in the 11 000-12 000 K domain. Since all previous abundance studies give very similar iron abundances for both stars, and using a relation for monochromatic luminosity
where W obs AB and W AB are observed and intrinsic equivalent widths, we obtained R ¼ 1:67 Ϯ 0:23 from 27 Fe ii lines in the spectral region 3800-4600 Å by assuming W A ¼ W B . No significant trend with wavelength was found, which thus confirmed a small temperature difference between components. The error in R represents a standard deviation, not an error of the mean value, which is around 0.05. So as to not require the iron abundances to be equal in both components, the final solution for the atmospheric parameters of 46 Dra components was obtained using spectrophotometry (Adelman & Pyper 1979) , an Hg line profile, and ionization equilibrium for both components of Fe i and Fe ii lines. The Hg line profile was extracted from a 19.6-Å mm ¹1 Reticon spectrum. Flux and Hg line profile calculations were made using ATLAS9 model atmospheres (Kurucz 1993 ) and the SYNTHE program (Kurucz & Avrett 1981) . A metallicity of þ0.2 dex was used for both components. The possible third star of the system was assumed not to contribute significantly to the light and to the spectrum in the optical region.
A reasonable compromise between all three criteria was achieved with the following final adopted atmospheric parameters.
These parameters give us a radii ratio R A =R B ¼ 1:23, which is slightly larger than the value 1.1 expected for the main-sequence star relation, and would satisfy Stefan's law if the gravity of the secondary is 4.1. An increase in this parameter for the secondary leads to an ionization imbalance. It may take place in a local thermodynamic equilibirum (LTE) model due to non-LTE effects on Fe i lines (see, for example, Gigas 1986 and Rentzsch-Holm 1996) . Thus our adopted gravities are accurate to within Ϯ 0.1 dex. As the model light ratio varies from 1.74 near 3930 Å to 1.70 near 5000 Å , we neglect this minor change in the equivalent width correction procedure. Fig. 2 compares the observed with the calculated Hg line profile for 46 Dra, while Fig. 3 shows a comparison between the observed and the calculated flux distributions.
T H E A B U N D A N C E A N A LY S E S
Line blending is severe in the ll 3830-4550 region of late B and early A-type double-lined spectroscopic binaries with peculiar components. We select unblended lines for study using the procedure of Ryabchikova et al. (1996) . The abundance analysis employed Kurucz's program WIDTH9 except for neutral helium and a few strong metal lines in which case the SYNTH and ROTATE codes (Piskunov 1992) were used.
We determined the microturbulence for each star using Fe i and Fe ii lines, by requiring that the derived abundances not depend on the equivalent widths. The microturbulence in the atmospheres of 46 Dra A and B obtained from the lines of both elements is zero, as is the case for many other HgMn stars.
The Reticon observations had sufficient S/N ratios for us to find the neutral helium lines of both stars, which were not seen in photographic spectra. The helium abundances are obtained from synthetic spectrum calculations of four He i lines in LTE (Table 3 ). Fig. 4 shows a comparison between the observed and computed binary spectrum in the region of the He i l 4471 line. The discrepancy between the He/H ratios of the two stars is real and suggests that the rate of decrease of He/H in the surface layers increases with temperature at the age of 46 Dra for stars with no microturbulence and log g ¼ 4:0. He abundances in HgMn stars are expected to be underabundant with the exact values dependent on the effective temperature, surface gravity, rotation, and time since the zero-age main sequence (Michaud et al. 1979; Charbonneau & Michaud 1988) . For the same gravity, rotation, and age, diffusion calculations show a slow diminution of the radiative acceleration and a slight increase of the gravitational settling with decreasing effective temperature (see Fig. 2 , and fig. 3 of Michaud et al. 1979) . Thus the expected helium abundance decreases as the effective temperature becomes smaller, which contradicts the present results unless the internal rotation acts in the opposite sense.
After correcting the models' surface gravities for the non-solar helium abundances, following Auer et al. (1966) , we find
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᭧ 1998 RAS, MNRAS 297, 1-17 log g ¼ 4:11 for both components of 46 Dra. Thus they lie within the main-sequence band. Table 4 contains the line-spectrum analysis for all species except for Hg ii. The entries for each line are the laboratory wavelength (Å ), the excitation potential of the lower level in eV, the logarithm of the gf value, the corrected and observed equivalent widths in mÅ , and the deduced abundances for both components of 46 Dra. One must add 0.02 dex to convert the log N=N T values given in Table 4 to log N=H values. For all elements, except Pt and Au, the oscillator strengths are from VALD (Piskunov et al. 1995) . For Pt ii lines the astrophysical values of the oscillator strengths are those of Dworetsky, Storey & Jacobs (1984) , while for Au ii lines we used assumed values due to the absence of data for this ion in the visual. For Hg ii, we performed synthetic spectrum calculations taking into account isotopic and hyperfine structure splitting according to Smith (1997) . As shown by Smith, these effects are negligible for Hg i lines with equivalent widths of less than 10 mÅ . We present the results for mercury in Table 5 , where the parameter q is given for each component together with the mercury abundance. The parameter q, first introduced by White et al. (1976) , is a measure of the deviation of Hg isotopic composition from the terrestrial one, for which q is zero. The errors in q and the abundance determinations were estimated from the errors in central wavelength measurements. Fig. 5 is a comparison between the observations and the bestfitting synthetic spectrum near the Hg ii l 3984 feature. A synthetic spectrum calculated with slightly different primary parameters, q ¼ 1:0 and log ðHg=HÞ ¼ ¹5:95, is shown by a dashed line. This particular value of the primary's mercury abundance produces the same equivalent width as do the best-fitting parameters.
The gallium abundances were computed by the synthetic spectrum calculations, because two from three lines are blended. We do 4 S. J. Adelman, T. A. Ryabchikova and E. S. Davydova ᭧ 1998 RAS, MNRAS 297, 1-17 not use the Ga ii, l 4255.734 line due to its hfs-structure (Isberg & Litzén 1985) . Only one possibly blended line of Au ii l 4016.04 is identified in 46 Dra B. A second line, l 4052.76, is damaged by a cosmic ray. Therefore the gold abundance in 46 Dra B may be considered as an upper limit. Table 6 compares our abundances with those of Conti (1970a) and Guthrie (1984) . Guthrie's values agree rather well with our results except in the case of Pt, which may be explained by a different treatment of the assumed oscillator strengths for Pt ii lines. The discrepancies between our results and those of Conti are due to differences in the absolute scales of oscillator strengths.
For most chemical elements the differences between the abundances of the primary and the secondary are not significant and lie within the error bars. Still, there are a few elements which have significantly different abundances in the atmospheres of 46 Dra A and B.
Aluminium and sulphur. Aluminium lines are identified only in the secondary's spectrum. If we use 1 mÅ as the error in the equivalent width determination, then taking the binarity into account we get 1.6 mÅ and 2.7 mÅ respectively, as upper limits for the equivalent widths in the spectra of the primary and secondary. A value log ðAl=HÞ ¼ ¹7:00 is an upper limit for the aluminium abundance of the primary. Sadakane, Takada & Jugaku (1983) found log ðAl=HÞ ¼ ¹6:8 from UV Al ii and Al iii lines. They did not take the binarity into account. Our abundances for the primary (an upper limit) and for the secondary give the same equivalent width as the observed one for the combined Al iii l 1862.79 line and a slightly larger than observed value for the combined Al ii l 1670.79 line. Because the equivalent widths for both UV lines are marked as uncertain in their paper, we may consider that our results for the aluminium abundance satisfies both UV and visual spectra. Aluminium is underabundant in the atmospheres of both components of 46 Dra as is this element in the other HgMn stars.
An upper limit for the sulphur abundance of the primary is log ðS=HÞ ¼ ¹6:00. This value is more than 1.0 dex less than solar, and is compatible with the sulphur abundance in 112 Her A (see Table 7 ). Both aluminium and sulphur show a difference of 1.0 dex or more between the abundances of the primary and the secondary.
Iron-peak elements. Scandium is normal in 46 Dra A and is deficient in 46 Dra B. Both titanium and chromium are slightly less abundant in the primary but we cannot claim this difference to be significant because it does not exceed two standard deviations for both elements. Vanadium lines in the spectrum of the secondary are weak and blended. Thus we cannot deduce anything about vanadium abundance differences in the atmospheres of both components. The same conclusion holds for nickel.
Manganese is the only other iron-peak element which shows a significant abundance difference in the atmospheres of 46 Dra A and B. The obvious manganese deficiency in the secondary compared with the primary explains the negative result for the identification of manganese lines in the secondary by Conti (1970a) and by Guthrie (1984) . The larger manganese abundance in the hotter star agrees with the diffusion theory predictions (Alecian & Michaud 1981) .
Strontium. Strontium is about 1.0 dex more abundant in the secondary. There are two other stars, AR Aur A and HR 4072 A (see Table 7 ), with practically the same effective temperatures which have similar Sr overabundances. The strontium abundance decreases on both sides of a very narrow temperature domain. It is also typical for the whole group of HgMn stars (see, for example, table 6 in Ryabchikova et al. 1996) .
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᭧ 1998 RAS, MNRAS 297, 1-17 Gallium and xenon. No gallium and xenon lines are identified in the secondary's spectrum. The upper limits are log ðGa=HÞ ¼ ¹7:1 for gallium abundance and log ðXe=HÞ ¼ ¹6:10 in the atmosphere of the secondary. This value fully agrees with the results obtained from UV region by Smith (1996) . All HgMn stars from his program with T eff Յ 11 050 K (except HR 7775 which shows an obvious gallium anomaly) have log (Ga/H) Յ ¹ 7:2. According to Smith, the gallium abundances jump from ¹7:2 to ¹6:30 between the temperatures 11 050 and 11 650 K, with a further slow increase of gallium abundance for hotter temperatures. Therefore 2.0 dex difference in gallium abundance obtained for 46 Dra A and B does not conflict with the overall tendency. Takada-Hidai, Sadakane & Jugaku (1986) obtained log ðGa=HÞ ¼ ¹6:2 from the analysis of resonance Ga ii and Ga iii lines in UV region. They did not account for the binarity of 46 Dra. In the extreme case, in which Ga lines appear only in the primary spectrum, a correction for the binarity leads to log ðGa=HÞ ¼ ¹5:85 from the equivalent widths of UV gallium lines. It is still smaller than the gallium abundance inferred from the optical lines. This is also observed for most HgMn stars (Lanz et al. 1993) . 46 Dra A is the coolest HgMn star with Xe ii lines.
Platinum, gold and mercury. Platinum is the only element in this group with very different abundances in 46 Dra A and B. The secondary is richer in platinum by about 1.0 dex relative to the primary. AR Aur shows the opposite behaviour (see Table 7 ). The secondary is also slightly richer in mercury. Both components show a larger contribution of the heavier isotopes than do the terrestrial mixture. They follow the trend of q-parameter versus effective temperature found by Smith (1997) . The present observations do not permit us to make more detailed determinations of the isotopic mercury mixture in 46 Dra. An unfitted detail in the blue wing of the secondary's line (see Fig. 5 ) may be attributed to the enhanced contribution of 198¹200 Hg isotopes compared with the mixture obtained from the simple mass-dependent description. New, more accurate observations of 46 Dra in the phase of the maximum separation of the components are needed to solve definitely the problem of the isotopic composition.
We also redetermine the mercury abundance in 112 Her A reported in Ryabchikova et al. (1996) by the same procedure.
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᭧ 1998 RAS, MNRAS 297, 1-17 Our best-fitting synthetic spectrum gives q = 0.7 Ϯ 0.1 and log ðHg=HÞ ¼ ¹5:98, which are in good agreement with the Smith (1997) values for 112 Her. Khokhlova et al. (1995) , and calculated abundances with WIDTH9. The platinum abundances for HR 4072 A and x Lup A were recalculated with the relative oscillator strengths from Dworetsky et al. (1984) using equivalent widths from Adelman (1994) and Wahlgren et al. (1994) . The mercury abundances in the spectra of the same stars obtained using the visual lines are from 14 S. J. Adelman, T. A. Ryabchikova and E. S. Davydova ᭧ 1998 RAS, MNRAS 297, 1-17 Smith (1997) and are marked with an asterisk. For 112 Her A we give a recalculated mercury abundance (see Section 5). For x Lup A we include also Pt, Au and Hg abundances obtained in the UV (Wahlgren et al. 1995) . These values are marked by two asterisks.
D I S C U S S I O N
For comparison, we give the solar abundances (Anders & Grevesse 1989) in the last column of Table 7 , supplemented by recent data on CNO (Biemont et al. 1993a ), S (Biemont, Quinet & Zeippen 1993b) , Ti (Bizzarri et al. 1993 ), Cr (Pinnington et al. 1993) , Fe ᭧ 1998 RAS, MNRAS 297, 1-17 
